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Abstract 


Yttria stabilized zirconia (YSZ) has widely been used as an electrolyte in solid oxide fuel cell (SOFC) stacks. The microstructure and properties 
of YSZ related to the fabrication process are discussed in this paper. For the named two-step sintering process, uniform and hexagonal grains with 
a size of 1-4 um were obtained from the adobe following tape calendaring (TCL). Elliptical and hexagonal grains with a size of 0.4—3 um were 
obtained from the adobe of tape casting (TCS) using the three-step process. The electrical conductivities of YSZ with different grain sizes were 
measured via the four-probe DC technique and grain conductivities and grain boundary conductivities of YSZ were investigated by impedance 
spectroscopy. YSZ electrolytes with a grain size of 0.1—0.4 wm had the highest electrical conductivity in the range of 500-1000 °C, especially at 
medium and low temperatures 550-800 °C. As the YSZ grain size becomes small, the thickness of the intergranular region decreased greatly. The 
YSZ electrolytes with sub-micrometer grain sizes, high ion conductivity and low sintering temperatures are important to the electrode-supported 
SOFC, on which the dense YSZ electrolyte films are optimized at 10 um. 


© 2006 Elsevier B.V. All rights reserved. 
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1. Preface 


Solid oxide fuel cells (SOFCs) are the most efficient devices 
yet invented for conversion of chemical fuels directly into elec- 
trical power. The high operating temperature (600-1000 °C) of 
SOFCs has a number of advantages, such as all solid state com- 
ponents, the feasibility of running the cells directly on practical 
hydrocarbon fuels without an external fuel reformer that is nec- 
essary for low-temperature fuel cells, high temperature heat to 
drive a gas turbine and lower emissions. The solid state elec- 
trolyte used in SOFCs are required for high ionic conductivity, 
better stability, chemical and thermal compatibility, imperme- 
ability by the reacting gases, high strength and toughness, easy 
fabrication and low cost [1]. As the key component of SOFCs, 
the solid electrolyte materials mainly include fluorite-structured 
stabilized zirconia [2], doped ceria [3] and perovskite-structured 
LaGaO3 [4]. Yttria stabilised zirconia (YSZ) is now still mostly 
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used in the SOFC stack. In anode-supported cells, a YSZ and Ni- 
YSZ cermet are required to co-fire [5] during 1350-1400 °C [6]. 
In cathode-supported cells, YSZ and doped lanthanum mangan- 
ite (LSM) ceramic are required to co-fire during 1200-1250°C 
[7,8]. Therefore, it is very important to reduce the sintering tem- 
perature of the YSZ. In electrode-supported cells, it is necessary 
to decrease the thickness of the dense electrolyte film in order 
to reduce the ohmic polarization. The thickness of the YSZ film 
is about 10 um [9], thus fine YSZ grains are necessary for thin 
electrolyte densification and performance. However, due to the 
high surface energy among the cubic YSZ grains, they grow eas- 
ily during the sintering process [10]. Therefore, it is necessary to 
research the growth and stabilization of the YSZ grains, which 
are dense and fine, at lower temperature. 


2. Experiment 


YSZ nano-powders are usually used as the raw materials, 
which are made by a liquid-phase method [11]. The diameter of 
the grains by TEM is 10-15 nm [12], and the distribution of the 
powder is narrow, approximately 0.1—0.3 um [12]. The powders 
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are uniform and spherical and there are no hard agglomerates 
among them [13]. With the above powders, the film adobes of 
YSZ were made by tape casting (TCS) [14,15], tape calendaring 
(TCL) [16] and a gel casting (GC) process [17]. The samples 
were cut to discs with a diameter 20mm and a thickness of 
0.2-0.3 mm. 

The YSZ electrolytes were sintered in a high temperature 
box furnace (type-GXL-34/30/40). The density was measured 
by the Archimedes method. The grain size and microstructure 
were observed by SEM (GSM6700, Japanese). The electrical 
conductivity of the YSZ electrolytes, which were sintered by 
different processes, was measured via four-probe DC technique. 
The AC impedance analyzer (Agilent 4294A) was used for the 
AC impedance measurement over the frequency range of 40 Hz 
to 110 MHz. 


3. Results and discussion 


3.1. Sintering process, crystal grain size and 
microstructure of YSZ 


The sintering properties of YSZs powders [18-20] are such 
that the YSZ powder begins to be sintered at 800-1000 °C, which 
is relative to the grain diameter, i.e. the smaller the grain size, 
the lower the start of sintering. The most rapid sintering rate 
of the YSZ occurs at 1150—1280°C, and the sintering process 
is complete at 1400-1450 °C [18-20]. According to the sinter- 
ing properties of YSZ powder [18-20], three kinds of methods 
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Fig. 1. Temperature to time in one-step sintering process. 


—s—c,1000°C(2H)-1450°C(2H) 
—e—d.1000°C(10H)-1450°C(2H) 


Temp.(°C) 


200 —a—e.1000°C(2H)-1400°C(2H) 
0 T T bi T bi T T g 1 
(0) 300 600 900 1200 1500 1800 
time(min) 


Fig. 3. Temperature to time in two-step sintering process. 


were used to sinter the YSZ ceramic materials in the range of 
1250-1550 °C, including an one-step sintering process, a two- 
step sintering process and a three-step sintering process. 

The one-step sintering process was carried out in the range 
of 1450-1550°C, as shown in Fig. 1. The heating rate from 
R.T. to sintering temperature is 2°C min~! and then fired for 
different times, about 2—6 h. This is the traditional sintering pro- 
cess of a ceramic [21]. The microstructure of YSZs is shown in 
Fig. 2. The uniform and clear grains with a size of 3—5 um were 
obtained from the adobe of tape casting by sintering at 1450°C 
for 2 h. Pores are seldom found in the grain boundaries. The grain 
size from the gel casting process sintering at 1550°C for 2h is 
8-15 wm, with a clear boundary during the grains. Because of 
the higher sintering temperature, over-sintering appeared. As a 
result, the most suitable process for one-step sintering is 1450 °C 
for 2-4h. 

The two-step sintering process was carried out in the range of 
1400-1450 °C, as shown in Fig. 3. The adobe was firstly sintered 
at 1000 °C for 2—10h, then raised to 1400-1450 °C at the rate 
of 1 °C min™|, finally it was fired for 2h. The microstructure of 
YSZs is shown in Fig. 4. The uniform and clear grains with a size 
of 1—4 um were obtained from the adobe of tape calendaring. As 
a result, the suitable process for two-step sintering was 1000 °C 
for 2h, (1400-1450) °C for 2h. 

The three-step sintering process was carried out in the 
range of 1250-1300°C, as shown in Fig. 5. The adobe was 
firstly sintered at 1000°C for 2h, then the temperature was 
raised at a rate of 0.8°Cmin~! to 1400°C, then decreased 
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Fig. 2. Microstructure of YSZ made by one-step sintering process. 
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Fig. 4. Microstructure of YSZ (TCL) made by two-step sintering process. 
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Fig. 5. Temperature to time in three-step sintering process. 


directly to 1250-1300 °C in 30 min, the furnace was controlled 
at 1250-1300°C for 10-20h. The microstructure of YSZs is 
shown in Fig. 6. The uniform and clear grains with a size of 
0.4-1 um were obtained from the adobe of tape casting. 

During the sintering processes of YSZ, there are two 
steps: the crystallization behavior at low temperature—about 
800-1000 °C, and grain growth behavior at high temperature of 
more than 1100°C [10]. 

The YSZ nuclei crystallize out from the amorphous precur- 
sors by surface diffusion, which overcome the barrier of surface 
energy. Assuming that the nuclei were spherical, the initial crys- 
tallite (nuclei) size de would be [10]: 


_ 3ysM 


d = 
£ 4pAG 


(1) 


where AG is the Gibbs’ energy increment for the phase trans- 
formation from the amorphous phase of the precursors to the 
crystalline phase, ys the surface energy, p the density of the 
crystallized phases and M is the molecular weight concerned. 

During the YSZ sintering process, only those grains with the 
size of YSZ nuclei d > dą by surface diffusion, begin to grow in 
the later steps. If this period of YSZ nuclei crystallization was 
passed quickly, as in the one-step process of Fig. 1, then there 
would be only a few nuclei whose sizes are bigger than d,, and 
thus a small quantity of stabilized grain would be kept growing. 
Due to the large space among the YSZ nuclei, the energy for the 
YSZ grain growth is high and the way for YSZ grain growth to 
touch the adjacent grain is long. So, the sintering temperature 
of YSZ with a larger size as shown in Fig. 2 is high. Holding 
a certain time (e.g. 2h) in the range of 800-1000 °C, as in the 
two-step process of Fig. 2, would help to form a great deal of 
nuclei whose sizes are bigger than de. These nuclei keep growing 
by grain boundary motion. Because so many nuclei are formed, 
there is a short distance between each other. In the end, the grain 
size is smaller, and at the same time adense YSZ was obtained, 
as shown in Fig. 4c. Furthermore, the dense YSZ with fine grains 
was obtained at a lower sintering temperature of about 1400°C 
as shown in Fig. 4e. However, if the process of nuclei formation 
is too long (e.g. 10h), the formed nuclei will be inactive and 
will not benefit from grain growth at a later time. As a result, 
the YSZ grains would be grown incompletely. After the YSZ 
adobes were held for 10h in 1000°C and sintering 1450°C for 
2h, the YSZ grains are not perfect. There are many intergranular 
pores in the YSZ grain boundaries, as shown in Fig. 4d. 


£.1250°CX 10h (TCS) g.1250°CX 20h(TCS) 


h. 1300°CX10h(TCL) i. 1300°CX 20h(TCL) 


Fig. 6. Microstructure of YSZ (TCS) made by three-step sintering process. 
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The grain growth is a result of grain boundary motion, which 
contains two processes: grain boundary diffusion and grain 
boundary migration. At relatively low temperatures, according 
to Harmer and Brook [22], grain boundary diffusion may pro- 
ceed; then at elevated temperatures, grain boundary migration 
becomes a dominant mechanism for grain growth. Itis suggested 
that grain boundary migration may involve an activation process 
that needs a higher activation energy than grain boundary diffu- 
sion. The feasibility of densification without grain growth relies 
on the suppression of grain boundary migration while keep- 
ing grain boundary diffusion active [23], so the dense and fine 
YSZ of the three-step sintering method as shown in Fig. 5 was 
obtained. When the adobe was sintering up to 1400°C, there 
is enough energy both for grain boundary diffusion and for 
grain boundary migration. Then the temperature is decreased 
to 1250-1300 °C, which can suppress grain boundary migration 
but not affect grain boundary diffusion, and as a result, the YSZ 
grain size stays within a certain range, of less then 1 wm. In 
this way, the YSZ grain does not increase dramatically as in the 
conventional sintering method, and dense ceramic bodies were 
achieved. The rate of grain boundary diffusion is much lower 
than that of grain boundary migration. In order to ensure the 
sufficiency of grain boundary diffusion, a relatively long time 
such as 10—20h are needed at 1250—1300°C. At last, the dense 
YSZs with finer grains ~0.1—1 pm were obtained, as shown in 
Fig. 6. 


3.2. YSZ Electrical conductivity related to grain size 


There are four different grain sizes in YSZ electrolytes, which 
are 0.1—-0.4, 0.3-1.5, 1-5 and 8-15 wm, respectively, by differ- 
ent sintering processes. The conductivities of YSZ with various 
sizes are shown in Fig. 7. As a result, all of them could be 
used as the electrolyte in SOFC. At higher temperature periods, 
e.g. 850-1000 °C, there are no obvious differences in conduc- 
tivity among the four-different grain sizes. But, at medium and 
lower temperatures, e.g. 550-800 °C, the YSZ electrolytes with 
a smaller grain size, such as 0.1—0.4 and 0.3-1.5 um, obviously 
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Fig. 7. The conductivities of YSZ with different grain sizes. 


have higher conductivities than others with a larger grain size, 
such as 1-5 and 8-15 pm. With a temperature decrease in the 
range of 550-800 °C, the difference of electrical conductivities 
of YSZ electrolytes increases. 

For dense ceramic solid electrolytes, the effect of pores is 
minor and can be ignored. The conductivity of the solid elec- 
trolyte is made up of grain conductivity and grain boundary 
conductivity. In the light of traditional solid-state ionic con- 
ductive theory, grain conductivity is higher by two or three 
times than in the grain boundary [24]. The properties of the 
intergranular region play an important role in the overall con- 
ductivity of the electrolyte. Poor conductivity of the electrolyte 
is usually due to low conductivity of the intergranular region. 
Sometimes, the conductivity of the grain interior is typically 
higher by two or three times than that of the grain boundary 
[24]. Many factors, such as grain size, intergranular area, impu- 
rity level and intergranular thickness, significantly affect the 
apparent intergranular conductivity. It is suggested that there are 
two main reasons for low grain-boundary conductivity. Firstly, 
there is a space-charge layer near the grain boundary formed 
by solute segregation or a blocking layer for oxygen conduc- 
tion formed by impurity phases. The other is that the conduction 
of oxygen ions decreases when the oxygen-vacancy concen- 
tration at the grain boundary becomes lower than that in the 
grain interior [25]. Especially at low temperature, the impurity 
at the grain boundary has more of an effect on the total ion 
conductivity. 

Ina YSZ electrolyte, as the YSZ grain size becomes smaller 
and smaller, the thickness of the intergranular region decreases 
greatly, as shown in Fig. 8. There are only 1-3 atom layers 
in the intergranular region, which is totally different from the 
above discussion [26]. There is hardly any solute segregation 
or impurity phase in the region to form a blocking layer for 
oxygen ion conduction. As we assumed, the oxygen-vacancy 
concentration at the grain boundary for oxygen ion conduction 
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Fig. 8. Microstructure models of sub-micrometer YSZ crystalline samples. 
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Fig. 9. Impedance spectroscopy of YSZs at different temperature. 


is not lower, but higher. So the intergranular conductivity would 
increase. 

In order to correlate the microstructure of the electrolyte with 
the intergranular conductivity, a improved simple model [27], 
such as ‘brick layer model’, can be used to comprehend the 
electrical properties of the intergranular region using Eq. (2): 


Osp, gbdgA 


i (2) 


Sapp, gb = 


where Gapp, gb is the apparent intergranular conductivity based on 
the electrolyte geometrical dimension, op, gb the specific inter- 
granular conductivity, dg the grain size of the electrolyte, ôgb 
the thickness of the intergranular, A the total effective conduct- 
ing area, which is related to the intergranular area and S is the 
electrode area. 

With the decreasing of grain size dg, the thickness of the 
intergranular dgp decreased and the specific intergranular con- 
ductivity osp, go increased. With the decreasing of grain size dg, 
intergranular area increased, thus that the total effective con- 
ducting area A increased. It is obvious that the decreasing rate 
of grain size (reduced as the correlative grain size’s first power) 
is largely lower than the increasing rate of total effective con- 
ductive area (increased as the correlative grain size’s quadratic). 
So the total conductivity of YSZ with sub-micrometer grain size 
would increase largely. For microcrystalline samples, the con- 
ductivities of the bulk and the grain boundary are in the same 
range [28]. Furthermore, due to the much smaller grain size, the 
specific grain boundary conductivity of the nanocrystalline sam- 
ples is 1 and 2 orders of the magnitude higher than that of the 
microcrystalline samples [28]. As a consequence, the total ionic 
conductivities of the nanocrystalline samples are enhanced. 


3.3. Impedance spectroscopy analysis 


The YSZ electrolytes with different sintering processes were 
measured by impedance analyzer (Agilent 4294A), as shown 
in Fig. 9. During the three-step sintering process, the sintering 
temperature is in the range of 1250-1300 °C. With the sintering 
temperature increasing and the holding time lengthening, the 
intergranular resistance is obviously reduced, and intragranular 
resistance is also relatively reduced. Fig. 10 shows that the rela- 
tive densities of YSZ with different processes are about 96-99%, 
and increase with the sintering temperature increasing and the 
holding time lengthening. 

It is reasonable to assume that the pores are well distributed 
within the electrolyte and the intergranular region. Thus, the 
relative density can be simply calculated by Eq. (3) [26]: 


V, SL S 
fatal = 2 (3) 
Vo SL Sg 
100 E 1250C W 1300°C 


relative density(%) 


10 15 20 
holding time (h) 


Fig. 10. YSZ relative density related to holding time at different sintering tem- 
perature. 
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Fig. 11. Schematic diagram of oxygen ions transportation. 


where é is the relative density, Sy and V, are real surface area and 
real volume occupied by the solid, Sg, Vg and L are geometric 
surface area, geometric volume and thickness of the electrolyte, 
respectively. 

According to the schematic diagram Fig. 11 and Ohmic law, 
the resistance of oxygen ion transportation through the grains 
could be expressed as follows: 

Lt L 


R, = = (4) 
j Osp, gi Sr Oapp, si Sg 


where Rg is the electrical resistance of grains, t the tortur- 
ous factor which is used to correct the real transportation path 
through the grains, app, gi and Osp, gi are the apparent intragran- 
ular conductivity based on the geometric dimension and specific 
intragranular conductivity. 

Substituting Eqs. (3) and (4), the apparent intragranular con- 
ductivity as a function of microstructure can be obtained. 


Osp, eid 
T 


(5) 


Sapp, gi = 


Eq. (5) not only gives satisfactory explanation to the linear 
relationship between the apparent intragranular conductivity and 
the relative density but also highlights the slight difference of 
the intragranular resistance between the electrolytes with close 
relative density and different grain size. This difference may 
be due to the different value of the torturous factor t, which is 
related to the microstructure of the electrolyte. 

As to the intergranular conductivity, it is seriously affected 
by the microstructure of the intergranular region. In the three- 
step sintering process, the pores gradually disappeared from 
the intergranular region by grain boundary diffusion. With the 
sintering temperature increasing (from 1250 to 1300°C) and 
the holding time extending (from 10 to 20h), grain boundary 
diffusion became more and more sufficient. The pores in the 
intergranular region become less and smaller, so that intergran- 
ular resistance decreased greatly, related to the result shown in 
Fig. 9. 


4. Conclusion 
YSZ solid electrolytes with different grain sizes in the range 


of 0.1-15 um were obtained by controlling the sintering pro- 
cesses. Sub-micrometer grain sizes such as 0.1—1 wm in YSZs 


were obtained by a three-step sintering process, which was 
performed at 1000°C for 2—10h, then raising the temperature 
at the rate of 0.8°C min—! to 1400°C, then by decreasing it 
directly to 1250-1300 °C in 30 min, the furnace was controlled 
at 1250-1300°C for 10-20h. YSZ electrolyte with a grain 
size of 0.1-0.4 wm had the highest conductivity in the range 
of 500-1000°C, especially at medium and low temperatures 
550-800 °C. As the YSZ grain size became small, the thickness 
of the intergranular region decreased greatly. There are only 1-3 
atom layers in the intergranular region, where there is hardly 
the solute segregation or impurity phase in the region to form 
a blocking layer for oxygen ion conduction. YSZ electrolytes 
with sub-micrometer grain sizes, high ion conductivity and low 
sintering temperature are important to an electrode-supported 
SOFC, on which dense YSZ electrolyte films are optimized at 
10 pm. 
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